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The Entropies of Some Aqueous Ions

By C. C. STEPHENSON

Since the publication of the excellent summary
of the entropies of aqueous ions by Latimer, Pit-
zer and Smith,! new data have become available
which make possible an extension and revision
of some of their values. The standard state for
ionic entropies and the theoretical and practical
importance of the results have been discussed in
their papers.

Entropy of Dihydrogen Phosphate Ion.—
For the reaction KH,PO, = K+ + H;PO,~, AH?
= 4697 cal.? at 296.1°K. The correction to
298.1°K. is small enough to be ignored. The ac-
tivity coefficient of the saturated solution, 1.85 m,
is 0.315 from an extrapolation of unpublished
results of G. Scatchard and R. G. Breckenridge.
AF%g1 = —RT In (ym)? = 640 cal., and hence
AS%gs.q = 13.6. The entropies of KH,PO,? and
K+W are 32.23 = 0.1 and 24.2 = 0.2 cal. deg.”!
mole~!; therefore, the entropy of the dihydrogen
phosphate jon is 21.6 = 0.3 cal. deg.~! mole~1.

The value for this ion given by Latimer, Pitzer
and Smith is 28 = 1.5; their calculations for the
entropies of PO,® HPO,~, H,PO,~ and H;PO,
involve the measured solubility product of lead
phosphate, the entropy of the lead ion, and the
ionization constants as well as the necessary ther-
mal data. Their value for the dihydrogen phos-
phate ion can be given no weight in comparison to
the value obtained above, in view of the possi-
bilities of error in the numerous experimental
data from various sources used in their calcula-
tions. The entropies of the other substances will
be recalculated.

Entropy of HPO,~, PO,= and H;PO4+—The
best values for these substances are derived from
S%,p0,- = 21.6 and the following equations, the
A85%s.1 values being those given in Ref. 1.

H,POy~ = H+ + HPOs~

AS' = —30.3 Sgpo;- = —8.7 = 1.0
HPO,s= = HY + PO~
ASY = —43 Soyo*a = —-52 =2
H3P04 = H+ + H2P04— i
ASt = —16.0 S%po, = 37.6 = 1.0

These values are recommended in place of those
given in Ref. 1.

From measurements of the ionization constant
of the dihydrogen phosphate ion as a function of
the temperature, Bates and Acree* have found
AS® = —29.6; the value given above is preferred
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because a calorimetric determination of the heat
of reaction was used.

Entropy of Ammonium JIon—The activity
coefficient of a saturated solution, 3.57 m, of am-
monium dihydrogen phosphate is estimated to
be 0.185 by assuming that the activity coefficients
are equal to those of the corresponding potassium
salt. This estimate involves an extrapolation of
the measured activity coefficients, but neither the
extrapolation nor the assumption that the activity
coefficients of the ammonium and potassium
salts are equal is likely to introduce an error of
more than 0.3 entropy unit in the entropy of the
ammonium ion,

For the reaction NH,H,PO, = NH,* + H;PO,,
AF%5.1=492 cal. and AH°=23928 cal.?; therefore,
A5%sy = 11.5. The entropy of NHH,PO, is
36.32 = 0.1%and, with the entropy of the dihydro-
gen phosphate ion given above, 26.2 is obtained for
the entropy of the ammonium ion. Thisisin good
agreement with the valuess26.5 based on the en-
tropy of ammonia and its dissociation constant,
and 27.1 derived from the solubility product and
entropy of ammonium chloride. The value
26.6 = 0.5 cal. deg.~! mole~! is recommended
for the entropy of the amimonium ion.

Entropy of Dihydrogen Arsenate Ion.—The
entropies of potassium dihydrogen arsenate® and
ammonium dihydrogen arsenate” are 37.08 = 0.1
and 41.12 = 0.1 cal. mole~! deg.~}, respectively.
The activity coefficient of a saturated solution
of KHyAs0q, 1.42 m, at 25° is 0.41 from an extra-
polation of the unpublished measurement of G.
Scatchard and R. G. Breckenridge. For the sat-
urated solution, 3.29 m, of the ammonium salt,
the activity coefficient is estimated to be 0.30.
Unfortunately the heats of solution of these two
salts are not known with accuracy, but if the
approximate data available are used, the following
values are obtained for the entropy of the dihydro-
gen arsellate ion

KH2A504 = K+t -+ HzASO4_

AP = 640 AH® = 48008 S%,a00,~ = 26.8
NHHAsOs = NHy* + H;AsO4™

AFOey = 14 AHY = 4250°  S%as0,- = 28.7

A provisional value for the entropy of the dihy-
drogen arsenate ion is taken as 28 = 1.0 cal. deg.™!
mole™1,
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Entropy of Sulfate Ion.—Five independent
paths are given in ref. 1 for determining the en-
tropy of the sulfate ion, and from the most accu-
rate of these, which involves the entropy of sodium
sulfate decahydrate, 4.4 = 1 cal. deg.~! mole~!
was selected. From more recent data, two addi-
tional calculations of higher accuracy are possible.
The reactions, and the data pertaining to them,
are summarized below.

The entropies of sodium sulfate,!® potassium
sulfate,! and the sodium ion! are 35.7 = 0.1,
42,0 = 0.6 and 14.0 = 0.4 cal. deg.”* mole~
K:S0, = 2K+ + SO, AF0%4., = 2420,12 AH%gs.1
= 5680, S%o» = 4.5 = 0.8. Na;SO, = 2Na* +
SOs=, AF%pgy = 4352, AH%g. = —560°, S%o,-
= 44 = 0.5. The excellent agreement with the
value from ref. 1 serves as additional evidence for
the zero-point entropy of sodium sulfate decahy-
drate postulated by Pitzer and Coulter.?? The
value 4.4 = 0.5 will be used.

Entropy of Calcium Ion.—With the entropy
of the sulfate ion established above, and the
unusually complete thermodynamic data con-
cerning CaSO,2H;0 and CaSO, (anhydrite), a
reliable value for the entropy of the calcium ion
may be obtained. The entropies!* of CaSO,-2H,0
and anhydrite are 46.4 = 0.2 and 25.5 = 0.4 cal.
deg.”! mole~!. For the reaction

CaS0,2H;0 = CaSO; (anhydrite) 4+ 2H:0 (liq.)

three concordant values of 4030,14 3990!® and
3970 cal.!® have been given for AH%g.,;. Using
the average, 4000 cal., and AS® = 12.6 from third
law measurements, one finds AFY%g.; = 240 cal.
At 315.1°K. the solubilities of the two salts are
equal and AF%;s.a = 0 since the activity of the
water in this dilute solution may be taken as one
without appreciable error. From this value and
from AHY and AC, for the reaction, AF%g.y =
230 cal. The agreement between this value and
that calculated from thermal data alone removes
any doubt concerning the possibility of a zero-
point entropy for CaSO,-2H:0 similar to that for
N32804‘10H20.
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The above reaction may now be considered as
the difference between the two reactions CaSO,
2H,0 = Catt 4 SO~ + 2H;0 and CaSO, =
Cat+ 4+ SOg=. The difference between the free
energy changes of the two reactions must be 230
cal. The solubilities of CaS0,;-2H;0 and CaSO,
(anhydrite) at 25° are 0.0153 m and 0.0204 m,
respectively. However, there are no reliable
experimental values for the activity coefficients
of the saturated solutions, but these may be de-
duced from the fact that the activity coefficients
in these dilute solutions can certainly be expressed
by an equation of the form log v = —0.2034
w/(1 + Au's). If A is simply taken as one,
the standard free energy of solution of CaSOy
2H,0 is 6050 cal. and for anhydrite the free
energy of solution is 5840 cal.; the difference of
210 cal. agreessatisfactorily with that given above.
The limiting Debye-Hiickel law gives a smaller
difference of 130 cal.

The entropy calculation may now be sum-
marized. For the solution of CaS0,2H;0

AF® = 6050 AH® = =270V SOgg++ = —12.7
For the solution of CaSO,
AF® = 5840 AH® = —4270 SOgp++ = —12.8

Latimer, Pitzer and Smith have given S%u++ =
~11.4 = 0.3. Their value, which was derived
from the reaction

CaCO; + 2H* = Catt + H.O(1) + COu(g)

is certainly not as accurate as their estimate and
probably does not represent a serious disagree-
ment with the values just derived. Because the
data for the CaSO, system are quite comsistent,
~12.7 = 0.6 cal. deg.7! mole—! is recommended
for the entropy of the calcium ion.

In Table I are assembled the entropy data for
the above substances.

TaBLE I
STANDARD ENTROPIES AT 208.1°K.

Substance Cal. deg.~! mole~! Substance Cal. deg. ~! mole~!

H,PO,~ 21.6 = 0.3 NH,* 26.6 = 0.5

HPO~ -~87 = 1.0 HeAsO,~ 28 = 1.0

PO~ —-52 =2 SO~ 44 = 0.5

H,PO. 376 = 1.0 Cat+ —127 = 0.6
Summary

The standard entropies at 298.1°K. have been
calculated for the following substances: H;PO;—,
HPO,s=, POs=, H;PO,, NH,*, HyAsO,~, SO,~ and

Cat+,
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